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by Yu. P. Yel'nik 

A thermodynamic study ha8 been made of e e r t a i n  supposed oxidizing and 

reduct ion  r e a e t i o n s  t h a t  occurred i n  t h e  process of the roek metamorphism af 

the  pre4ambrian i r o n  ore-formation period. The s t a b i l i t y  range of the basic 

f e r r o u s  minerals  -- siderite, magnetite and hematite - as determined by t h e  

te rmpera twe,  pressure and concentration ( p a r t i a l  pressure)  of oxygen, w a t e r ,  

carbon dioxide and hydrogen during the mineral-formation period, has been 

estaoi ished.  

The reduction-oxidation r e a d i o n s  t h a t  occurred during the  metamorphism 

of rooks hnve r ecen t ly  a t t r a o t e d  the a t t e n t i o n  of numerous researchers ,  

r e l a t i o n s h i p  between t h e  n a t w a f  mineral a s soc ia t ions  and the assumed p r t i a l  

presswe of free oxygen, as the  major o x i d i z i n g  agent i n  the rook formation 

B e  

period ( B g s t e r ,  W61) have been es tab l i shed  i n  a number of s tud ie s  on t h e  basis 

of geologica l  and petrographic observations anu thermodynamic ea lmia t ions .  

Some researchers  a l s o  consider w a t e r  and carbon d i o x i d e  as possible oxid iz ing  

agen t s  i n  the natural processes (Korzhinskiy, 1935; Hawley, Bobinson, L Y 4 8 ;  Mam, 

1.953 ) . 
It follows from t hese  s tud ies  t h a t  t he  main oxidizing agent in t h e  meta- 

morphosed rock w a s  f r e e  oxygen whose partial pressure determined the s t a b i i i t y  

5) of range of f e r rous  minerals. 

the assumed oxidation reac t ions  of s i d e r i t e  and magnetite by f r e e  axygen under 

The logarithms of t h e  equi l ibr ium constants  ( 

any temperatures ascr ibed t o  the rnetamorphic processes a r e  pos i t ive ,  alzhough 

var ious au thors  c i t e  sonewhat d i f f e r e n t  K values. P 
In  t h e  opinion of' the above-mentioned researchers ,  other  possible ox id ize r s  

p a r t i c u l a r l y  H20 a d  COz, coilld hardly have played a n  important part i n  t h e  



metamorpnism, inasmuch as the  equilibrium constants  caiculated by J. Sawley and 

S. Bobinson (1948) f o r  t h e  assumed reac t ion  

vea led  t h e  p r a c t i c a l  imposs ib i l i t y  of oxidizing magnetite by carbon dioxide 

within a t m p e r a t u r e  range of 25-500' ( t h e  caloulated magnitude of K 

the range of LO -is09- lf7.']. 

2Fe304 f C02 SFe2CTJ # CO re- 

i s  w i t h i n  

According t o  B. Mann (1953), i n  t h e  case of the 
P 

assumed oxidat ion r eac t ion  of magnetite, 2PE304 f XzO 4 3F9 03 f Hg, 8 Ep 

vaLue even above 600' does not exwed 1.9 x d, and the 

smaller a t  lower tmperatures. 

water ana COzs E. Mann came t o  t h e  conclusion t h a t  t he  oxidat ion of magnitude 

by carbon dioxide under natural conditions was  improbabie, but water could have 

value is st i l l  5 
Cmparing t h e  oxidat ion r e a c t i o n  of Fa604 by 

served as  an  oxidizer  i n  some cases. 

It should be poiated out that the  majori ty  or' t h e  published s t u d i e s  deal 

only w i t h  t h e  assumed oxidation react ions of magnetite but  do not d i scuss  the 

possible  oxidat ion of other minerals containing f e r rous  i r o n  i n  a medium devoia 

of free oxygen. Such calculat ions,  based primarily on the assumed oxidat ion re- 

a c t i o n s  of magnetite, prompted t h e  belief among -the geo log i s t s  i n  t h e  predomin- 

a n t  r o l e  of free oxygen i n  t h e  formation of p a r t i c u l a r  minerals  containing 

elements of va r i ab le  valence. Without denying t h e  r o l e  of free oxygen i n  the 

formation of the b a s i c  ore ainerals of t h e  i r o n  ore formations, we would l i k e  

t o  o a l l  a t t e n t i o n  t o  t h e  role of water as a possible  oxidizing agent in the 

metamorphism, and t a k e  a oloser  look at t h e  reduction-oxidation r e a c t i o n s  which 

expla in  t h e  o r i g i n  of the major paragenetic mineral  a s soo ia t ions  of ferruginous 

q u a r t z i t e s  and o res  i n  the  presence of water. 

The Invest igat ion Methods 

We have made a t h e o r e t i c a l  study of the  assumed oxidat ion r e a c t i o n s  of si- 

d e r i t e  and magnetite, as t h e  basic minerals containing f e r rous  i ron ,  by f ree  

oxygen and water i n  a temperature range or' 25-5U0°. 
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In our ca lcu la t ions  we used Gibb's b a s i c  equation: 

A Z = A H - T A S  (1) 

t h e  conventional symbols of t h e  thermodjjamic values were those proposed try 

V. A. Koreyev (1953). 

we determined t h e  magnitude 

equilibrium constant by t h e  equation of the chemical r e a c t i o n  isotherm: 

Using this equation uncer standard conditions (To 298%), 

AZO of the  react ion,  and then c a l c u l a t e d  the  

A t  higher temperatures, t h e  magnitude 

t h e  basis of t h e  general  equation: 

AH = f ( t )  was f i r s t  determined on 

AH = 5 ACpdT 

by s u b s t i t u t i x  i n  it t h e  standard equation or" neat capacity f o r  a given reaa- 

t i o n :  

ACp =&-+Ab T-& (4 )  

and t h e  following i n t e g r a t i o n :  

(5) AH = h T $-E? F + & 7-1 + C,. 
2 

with t h e  temperature unknown, the equilibrium constant of t h e  r e a a t i o n  was found 

by t h e  equation of t h e  reac t ion  i s o b a r :  

a f t e r  the  s u b s t i t u t i o n  i n  it of equation A H s f ( T )  i n  t h e  form of (5); a f t e r  

t h e  transformations, the change t o  decimal logarithms and t h e  s u b s t i t u t i o n  of a 

numerical value of t he  gas oonstant R, it looked l i k e  t h e  following: 

A i ~ a l I g T  A b - T  A d  ' h  -+C %Xp = -- + - - --- - - 
1,987 9,1516 Q.2516.7' 4,5758.7' 

The first  s tep  i n  t h e  solution of tha t  basic equation was t o  compute t h e  

i n t e g r a t i o n  constant, Ch 03 equation (5) by t h e  calculated magnitude of the  en- 

thal;sy increment, t h e  AHo react ion at 298OK. The i n t e g r a t i o n  constant of 
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I f in i te  equat ion (71, C magnitude, was det&rmined 

I ni tude  of I g  K f o r  standard conditions oc t h e  

For some reac t ions  it i s  impossible t o  make 

by the calculated mag- 

basis of equation (2).  

such p rec i se  caculat ions 

inasmuch as t h e  f a c t o r s  of t h e  thermal capaci ty  equation (4 )  a r e  not knm 

f o r  a l l  the suostacces.  In  t h e s e  cases we confined ourselves  t o  the  calcu- 

l a t i o n s  with t n e  general ly  accepted assumption t h a t  t h e  thermal oapac i t i e s  

31 the r eac t ing  substances ao not change wi th  t h e  temperature. The calcu- 

l a t i o n s  w e r e  based on t h e  following eqd-tiox: 

The d i f f e rence  i n  t h e  valued Ig 9 ootained by t h e  s implif ied c a l m -  
P 

Lation according t o  equat ion ( 8 )  and t h e  more prec ise  c a l m l a t i o n  according 

t o  equat ion ( 7 )  w i th in  t h e  known temperature range of all t h e  examined 

reaot ions  i a  very ins ign i f i can t .  

These ca lcu la t ions  a r e  somewhat labor-consuming, but t hey  f a c i l i t a t e ,  

a f t e r  a series of p r e p r a t m y  operations,  a very preoise  ca lou la t ion  of' t h e  

equilibrium constant of the reaot ion a t  any prese t  temperature. There are 

a l s o  other methods of ca lcu la t ing  A2 and Kp r eac t ions  (VZtxdimirov, 1956; 

Nikohyev and Dolivo-Dobrovolrskiy, U S i )  i n  which previousLy t a b u l a t e d  values  

are used GO simplify calculat ions.  But when these metnods are used, it i s  

impossible t o  ca l cu la t e  t h e  K values a t  in te rmedis te  temperatures f o r  w h i m  

there a r e  no oalculated coer't'icients; f o r  exampie, t he re  are none for ZOOo 

or 2594, but there a r e  f o r  220°. 

P 

Inasmuoh as most of t h e  stuaiea r eac t ions  invoivecl var ious molecular 

q u a n t i t i e s  of gaseous substances on t h e  r i g h t  and l e f t  s i d e s  of the r e a c t i o n  

equations,  t h e  change i n  pressure should produce a subs t an t i a l  e f f e c t  on the 

d i r e c t i o n  of t he  r eac t ions  and t h e  composition of t h e  e q u i l i b r i u m  gas  m i x t u r e .  

A number of pet ro logica l  studies (Korzhinskiy, i335; Hikoiayev and I)olivo- 

DoDrovol*skiy, 1961) deal w i t h  t h e  metamorphic r eac t ions  involving the 
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absorption o r  m i s s i o n  or a gas phase, as for example t he  known r e a c t i o n  oi. 

wol las toni te  formation: C”CO~ + s . o ~ * c ~ ~ ~ u ,  .+ C U ~ .  For such reac t ions  

involving a gas phase t h e  equilibrium i s  determined Q t h e  partial pressure 

of a p-we gaseous conponeat, and i n  t h e  above-cited example, i n  the case of 

equi l ibr ium,  t h e  CO pressure should oe a oonstaat  value f o r  each given type 

of temperature. 

t o  similar cases  when t h e  general pressure i s  determined not  by a p a r t i a l  

2 

fPr t  t he re  is i n su f f i c i en t  reference i n  geologioal  l i t e r a t u r e  

pressure of one gas ccnnponent but by t h e  pressure of a gas m i x t u r e  p a r t i c -  

i pa t ing  i n  the react ion.  In the react ions involving t h e  p a r t i o i p s t i o n  af 

three and more gas components, the c a l c u l a t i o n  of t he  equili-mium gas oom- 

posi t ion by +,he use of graphia methods (Ellis, 1657; Ryl l ie ,  Tuttle, 1960) 

is very complicated. Tnus t o  account f o r  t h e  effeot of the pressure in 

such r e a c t i o n s  and t o  determine the equiilbri-am composition of the  gas 

m i f i n e  under wide range of temperatures and pressures,  it would be more 

p r a c t i c a l  t o  draw up spec ia l  equation expressing t h e  r e l a t i o n s h i p  between 

t h e  equilibrium constants  and the  composition of t h e  gas m i x t u r e .  The methods 

of such ealculaf, ions,  a r e  out l ined i n  g rea t e r  d e t a i l  in spec ia l  s tud ies ,  suuh 

as the one by A. A. Vvedenskiy (1960). 

lu&rat& i n  r e l a t i o n  t o  the  following r e a c t i o n  we have studied, 3FeCU3 + 
€I20,eFe3U4 + 3C02 + H2, in whioh the equilimium mixture was measured i n  

gram-molaotilas : 

The c a l c u l a t i o n  process can be ilt. 

HSSX 
HtO =i I - X  a=* 
Z= 1 +3r 
-- - 

Aooording t o  Dalton’s law, the p a r t i a l  pressures of t h e  omponents  d 

t he  equilibrium mixture should amount t o :  

r 
P, i - X  

b+l 
P ;  P,,, = -- 3x p ; p  =-. 

3x + 1 

where P is tne t o t a l  pressure i n  the system. 
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The equilibrium constant of t h e  r eac t ion  M e r  Gonsideration, expressed i n  

p a r t i a l  pressure of gas canponents, amounts t o :  . 

The simplest way of solving tne r e s u l t i n g  equation i s  by t h e  in spec t ion  method, 

that i s  by s u b s t i t u t i n g  the possible values  x in t h e  i n t e r v a l  from 0 t o  1, ( t h e  

va lues  x < 0 and x > 1 i n  t h e  accepted value of x are  devoid o f  any physiaal 

meaning) and any unknown magnitudes of t h e  to ta l  pressure P, for example, 1, 3, 

50, 100, 500, 1,000, 5,000 and 10,000 atmospheres. The logarithm was taken of 

t h e  equation beforehand f o r  t h e  oonvenience of oalculat ion,  and it looked l i k e  

t h e  folluwing: 

( 10) 
Ig rc, = 1,431 4 + 41gx - 31g (5 + I )  - lg (1 - x )  + 3igP. 

The r e s u l t i n g  ca l cu la t ions  a re  then used t o  draw up a nomograph f o r  t h e  

graphic  so lu t ion  d tne  equation (Fig. 1) f o r  each react ion.  To t h i s  end, t h e  

curves obtained from t h e  s o l u t i o n  02 equation (1U) and snowing t h e  r e l a t i o n s h i p  

between t h e  composition of the equilibrium mixture from t h e  va r ious  pressures  

and the lg K 

dence of lg K, on tne  temperature which was ootained i n  t h e  so lu t ion  of equa- 

are combined on t h e  diagram wi th  t h e  curve i n d i c a t i n g  the  depen- P 

t i o n  ( 7 )  or (8).  

Fig. 1. A nomogram f o r  t h e  graphic so lu t ion  of equation (10) f o r  
t h e  oxidation r eac t ion  of s i d e r i t e  t o  magnetite by water 

Tor 



Under consideration i n  t h i s  study are t h e  possible react ions of sof id  

phases ( s i d e r i t e  ana magnetite) witn gaseous oxidizers  by f ree  oxygen and water 

vapor as  w e l l  as by l i q u i d  water. 

t i o n  that t h e  gaseous cmponents possess t h e  p rope r t i e s  of iaeal gas, 

assumption i s  made i n  t h e  majority or' the pe t ro log ioa l  and physic.+-cnmic.4 

s t u a i e a  (Korzhinskiy, 1935; blikolayev, 1952 t Krauskoi?f*, 1 Y 6 1 :  Garrels, 1962). 

Under h igh  pressures, when the d a i l a c t i o n  of t h e  gas p rope r t i e s  from the idea l  

gas are  s ign i f ioan t ,  t h e  calculated equilibrium eonstants  should d i f f e r  from 

A l l  t n e  ca l cu la t ions  are  based on t h e  assump- 

Such an 

t h e  experimental ones. 

l i m i n a r y  calvulat ions made by the M. G. Sonikberg method (1960) stlow that i n  

However, i n  t h e  r e a c t i o n s  under consideration, t h e  pre- 

t h e  nigh pressure region the difference between K 

expressed by gas v o l a t i l i t y )  i s  not large enou&h t o  change the  course of t he  

and Kf (equilibrium constant 
P 

reactions.  In t h e  ama of s u p e r c r i t i c a l  pressures  and temperatures below 490°, 

t h e  o-loulated equilibrium constants f o r  t he  react ions involving l i q u i d  water 

are probably closer  to %he imo oonstants than the equi l ibr ium constanxs of the 

r eac t ions  involving gaseous w a t e r  even if t h e y  include t h e  app-opri.ate correc- 

tions f o r  t n e  a e v i a t i o n s  of t h e  water vapor from the  c h a r a c t e r i s t i c s  of i dea l  

gas. C~harac t e r i s t i oa l ly ,  the equilibrium constant with t h e  co r rec t ions  cal- 

culated f o r  %he r e a c t i o n s  involving water vapor has a n  intermediate  va lue  be- 

tween t h e  K obtained f o r  a r eac t ion  with l i q u i d  water, and K for a reaot ion 

wi th  i d e a l  water vapor. 
P' P 

The Calculat ion Besult s 

In a l l  t n e  oxidation react ions of s i d e r i t e  and magnetite by f r e e  oxygen, t h e  

logarithms of t h e  equilibrium constants w e r e  pos i t i ve  i n  t h e  s tudied temperature 

range of 25-500°. Presented i n  Fig. 2 are t h e  curves l g  K f ( T )  01' t h e  foilow- 
P 

in=, assumed reduction-oxidation r eac t ions  : 

L 



i 
2Fe10, -I- 2 Oa 2 3Fe,4 

The equilibrium constants  are somewhat reauced wi th  r i  sing temperature, but 

even a t  5GOo they are still very high. 

=pressing the  equilibrium constants of t h e  r eac t ions  under consideration, 

as for example r eac t ion  (a), by p a r t i a l  gas pressures:  

it is possible  t o  c a l c u l a t e  t h e  equilibrium partial pressure of oxygen w i t h  

t h e  temperature and general  pressure magnitudes remaining unlcnm (assuming t h a t  

'Gen. 
0 30 and 1 atmosphere, t h i s  calculated partial oxygen pressure 

Fig. 2. Curves lg K = f ( T )  of t n e  oxidat ion r e a c t i o n s  of 
P 

s ider i te  and magnetite oy f ree  oqgen .  

i s  very small amounting t o  only atmospheres. When P i s  r a i sed ,  reac- 

t i o n  ( a )  should develop toward tne  forna t ion  of magnetite, and wnen it i s  

02 

lowered toward the formation of s ider i te .  The oxidation of magnetite t o  hematite 
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i n  r e a c t i o n  ( c )  a t  t h e  same temperature calls f o r  t h e  maintenance of' over 
10-18*2 

t atmospheres throughout t h e  P reaction. The above-discussed reac- 
02 

t i o n s  a t  temperatures below 500' are character ized by s t i l l  smaller magnitudes 

of equi l ibr ium P 
02. 

An increase i n  t h e  general  pressure expressed by t h e  t o t a l  amount of p a r t i a l  

g a s  pressure i n  t h e  r eac t ion  should shift t h e  equilibrium i n  t h e  r e a c t i o n s  (a )  

and (b)  toward t h e  formation of siderite. 

somewhat, but even a t  a pressure of 10,uOO atnospheres and a temperature of 500: 

it s t i l l  amounts t o  only 10' atmospheres for a siderite-magnetite assooiation. 

T h i s  increases the equi l ibr ium Po 
2 

-2 6 

Thus i n  the metamorphism of the  ferruginous-sil iceous f o m t i o n s ,  siderite 

and magnetite could remain s t a b l e  only under very low partial oxygen pressures.  

This conclusion does not contradict  G. P. Bigs te r ' s  aata ( L Y t S l ) ,  bu t  t he  v a ~ u e s  

lg Xp and, therei 'ore a l s o ,  a value of t h e  equilibrium P we have obtained, are 

somewhat d i f f e r e n t  from the previously published ones, which is due t o  the d i f -  

f e r ence  i n  the ca l cu la t ion  methods and possibly a l so  t h e  d i f f e r e n c e  i n  t h e  in- 

02 

itial. thermodynamic values. 

Of considerably g r e a t e r  i n t e r e s t  are the r e s u l t s  of t he  thermodynamic study 

of the  assumed oxidation r eac t ions  02 s ider i te  and magnetite by w a t e r  i n  t h e  

absence of f ree  oxygen: 

i n  t h e  presence of gaseous o r  l iquid w a t e r .  A t  25' the equilibrium constants  

of the oxidat ion r e a c t i o n  of Side r i t e  are considerably less t h a n  1 ( 3 ) ,  b u t  as 

9 



t h e  temperature r i s e s  t h e  equilibrium shifts toward t h e  formation of magnetite 

through tne oxidation of s i d e r i t e  by water i n  a medium t h a t  does not contain 

any f r e e  oxygen or i s  cnaracterized by an extremely l o w  P- 

t h e  equilibriun! constants of %ne oxidation reac t ion  of s i d e r i t e  by water t o  

magnetite are higher  than 1, and a t  400' tney amount t o  l U g o 1  i n  r e a c t i o n  ( f )  

and 10 The equilibrium constants  of t h e  oxidation reac- 

t i o n  of magnetite t o  hematite by water i n  t h e  temperature range under study i s  

considerably imer than 1 (Prom 

value. Aoove 140°, % 

i n  reac t ion  (d ' ) .  

t o  10"). 

A comparison of' t h e  i g  K = f ( 2 )  curves of reac t ions  ( d )  and (e> wi th  re- 

a c t i o n  (f) j u s t i f i e s  the  conclusion t h a t  s i d e r i t e  i s  unstable  i n  the presence 

of water a t  temperatures above 14O-l5O0 under low pressures  and i n  i t s  con- 

P 

version t o  magnetite. 

heroatite i n  reac t ion  ( f )  i n  t h e  presence of s ide r i t e .  

ex i  st m c e  of a parag ene t i  c s i d e r i  te-magneti te-hemat it e assoc ia t ion  during the 

There should be no fu r the r  oxidation of magnetite t o  

The formation o r  balanoed 

metamorphism i s  not very probable, inasmuch a s  the siderite-magnetite and mag- 

net i te-hemati te  assoc ia t ions ,  i n  tne words of i;. P. E igs te r  (1961), should be 

considered as individual  buffered assoc ia t ions ,  each of them characterized by a 

s t r i c t l y  deZined equiponderant partial p r e s s u r e  of water vapor, a t  a given t e m -  

perature and pressure,  wh ich  a o e s  not depend on the  r e l a t i v e  s o l i d  phase masses. 

A d e f l e c t i o n  of t h e  Pzz0 from the equiponderant siderite-magnetite a s s o c i a t i o n  

w i l l  change t h e  r e l a t i v e  quant i t ies  o f  s i d e r i t e  and magnetite u n t i l  P 

t o  t h e  i n i t i a l  equilibrium value.  

t o  hematite will be impossible u n t i l  the s i d e r i t e  i s  f u l l y  oxidized and P 

exceeds t h e  equilibrium value o f  the next buffered assoc ia t ion  of magnetite- 

hemat i t e. 

r e t u r n s  
%O 

A t  t he  same t i m e ,  t h e  oxidation of magnetite 

H20 

Charac ter i s t ica l ly ,  i n  a l l  t h e  discussed reac t ions  car r ied  out a t  tempera- 

tures above looo, t h e  equilibrium constant of t h e  oxidat ion reac t ions  of s i d e r i t e  

and magnetite by l iqu id  water  0- ( d f ) ,  ( e t )  and ( Y ' )  -- exceed t h e  equilibrium 



constants  of similar r e a c t i o n s  that include gaseous water 0- (d),  ( e )  and (f); 

however, t h e  l g  K = f ( T )  curves of t he  f i rs t  and second groups of r eac t ions  

are similar i n  nature,  the only d i f f e rence  between them beilig the l g  K 
P 

magnitude. P 

+t i 

#' 

f 
-*--------- - 

Fig. 3. Curves lg K =f(T') of the oxidat ion r e a c t i o n s  of 
P 

s ider i te  and magnetite by l i q u i d  and gaseous water. 

Henca the very important oonclusion that t h e  state of aggregation of the  water 

i n  the r e a c t i o n s  under consideration does not mate r i a l ly  a f f e o t  the d i r e c t i o n  of 

t h e  i r r e v e r s i b l e  r eac t ions  a t  high temperatures, and produces only a minor ohange i I 
i n  t n e  equi l ibr ium constants and, consequently, i n  the s t a b i l i t y  range of the  

~ 

minerals. It would t h e r e f o r e  by j u s t i f i a b l e ,  i n  the  cases under consideration, i 
t o  extend t h e  general conclusions produced by a thermodynamic analysis of t he  

processes involving only gaseous water through the processes occurring under 

supe rc r i t i oa f  pressures where t h e  state of aggregation of the so lu t ions  ( f l u i d s )  

i s  still not  t o o  w e l l  known. 

, 
1 

Wising  t h e  equilibrium pressure i n  r eac t ions  ( d )  and (e )  should, according I 
t o  t h e  LeChatelier pr inciple ,  chan:e t h e  r eac t ion  process toward t h e  formation 

or' s iderite.  Inasmuch a s  a d i r e c t  oxidation of' s i d e r i t e  t o  hematite by water i s  

hardly probable, we w i l l  review i n  d e t a i l  only the basic oxidation r eac t ion  o? 

s ide r i t e  t o  magnetite a t  high temperatures and pressures. 

I 

I , 

The equilibrium p a r t i a l  
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pressures  i'or t h e  s ider i te-magnet i te  assoc ia t ion  w e r e  determined f raan the  

nomogram (pig. 1). The general pressure i n  this  case was considered as t h e  

sum of the  p a r t i a l  pressures of t h e  gaseous cmponents within t h e  system 

The r e s u l t s  obtained can be graphically expressed on diagrams as coor- 

d i n a t e s  1g PH20, 1g PCozs l g  PRz. 

r e a c t i o n  and, therefore  a l s o ,  t n e  magnitude of equilibrium p a r t i a l  pressures 

of t n e  gas phases a r e  a l s o  a function of t h e  temperature, it i s  possible  t o  show 

Inasmuch as t h e  equilibrium constant of t h e  

on t h e s e  diagrams t h e  r a t i o s  oi' equiponderant p a r t i a l  pressures or' t h e  components 

under constant pressure (Pgen = const) and various temperature, or a t  a constant 

tempera twe (T=cons t )  and variable pressure. Tne diagram presented i n  Figure 4 

i s  f o r  the study of the buffered assoc ia t ion  of s ider i te-magnet i te  a t  a oonstant 

F i g .  4. Diagram of part ia l  pressures  H20, CO and H2 i n  a 
s t a t e  of equilibrium witn t h e  siderite-magnetite 2 as- 
s o c i a t i o n  a t  a temperature of 400° and under a t o t a l  

pressure of 500, 1,000, 5,000, and LU,IX)O atmos- 
pheres. 

temperature of 400' and pressures of 600, 1,000, 5,COO and 10,000 atmospheres, 

The equiponderant partial pressures of? t h e  components (o r  t he  composition of t h e  



equi l ibr ium gas mixture) a t  intermediate poirits 

determined b,y t h e  ana ly t i ca l  method which i s  t o  

curve l g  K =f(x) when the  pressure i s  unknown, 
P 

of t h e  t o t a l  pressure can be 

supplement t h e  nomogram w i t h  2 

or by t he  graphical  interpola-  

- 

t i o n  method and t h e  use of t h e  d i a g r m  ( f i g u r e  4). 

Comparing t h e  equiponderant p a r t i a l  pressures of the  ccmponents at  400' and 

varying the  t o t a l  pressure,  determined from t h e  diagram (Fig. 4), as f o r  example, 

at  1,000 and 5,000 atmospheres, it i s  possible  t o  prove t h e  r e l a t i o n s h i p  between 

the  camposition of t h e  equilibrium gas mixture and the pressure. 

Under pressure of 1,000 atmospheres, the gas  mixture equiponderant w i t h  the  

s ieer i te -magnet i te  assoc ia t ion  i s  characterized by t h e  following camposition ( i n  

partial pressures.) a t  a temperature of 400': P = 65 atmospheres, P = 700 
H2 0 (332 

atmospheres; PB =235 atmospheres, r a t i o  PH / Pgen. = 0.u65. 
2 2 

Under pressure of 5,000 atmospheres t h e  oomposition of t h e  equilibrium gas 

%,O = 2,640 atmospheres, Pco, mixtures f o r  the same a s s o c i a t i o n  a t  400° is :  

1,770 atmospheres, P = 590 atmospheres, .ratio P H20 IFgen. 0.528, 
H2 

Thus, a n  increase in the t o t a l  pressure r e s u l t s  not only i n  the  absolute  

but a l s o  i n  t h e  r e l a t i v e  increase of tne  equiponderant P H20' 

In  t n e  case of t he  reac t ion  under consideration, an increase i n  the t o t a l  

pressure changes t h e  equilibrium toward the  formation of s ide r i t e .  This rela- 

tionship can be demonstrated graphically by a diagram (Fig. 5 )  i n  which t h e  co- 

ordinates  Ig P 

magnetite a t  d i f f e r e n t  temperatures. The curves d e l i d t i n g  t h e  mentioned ranges 

show tha t  magnetite and s i d e r i t e  maintain a s t a b l e  r e s i s t a n c e  i n  a paragenetie 

associat ion.  The diagram c l ea r ly  reveals  t he  reverse e f f e c t  of the  temperature 

and pressure on t h e  s t a o i l i t y  of s i d e r i t e  and magnetite, An increase i n  tempera- 

t u r e  widens the s t a b i l i t y  range of magnetite, an? an increase i n  pressure reduces 

that s tab i l i ty  range, and widens t he  s t a b i l i t y  range or' s i o e r i t e  accordingly. 

magnitude of t h e  equilibrium pa r t i a l  water pressure f o r  t h e  s ider i te-magnet i te  

and 1g PH represent t h e  s t a b i l i t y  range of s i d e r i t e  and 
2 gen. 

The 



assoc ia t ion ,  a t  any unknam. temperature and pressure,  can be found f ron  t h e  

diagram. 

A Discussion of t h e  B s u l t s  and the  Geological Conclusions 

The paragenetic s ider i te-magnet i te  a s soc ia t ion  i s  widespread i n  the 2er-  

ruginous-s i l iceous rocks of‘ t h e  lower and middle s tages  of metaphorism i n  t n e  

Pre-Cambrian iron ore formations of Krivoy Rog, Eurst  Magnetic Anomaly, Iske 

S u p r i o r  ‘U.S), f inas Geraes (Braz i l ) ,  e tc .  Many researchers  believe that i n  

these  rocks magnetite represents  a metamorphic mineral developed f r o m  t ne  

? r i m a l y  sedimentary ore d iagenet ic  s i d e r i t e  ( Gershoig, 1932; S v i t a l t  skiy,  iY32; 

Kanibolotskiy, 1946; Tochilin, 1952). Some authors,  p a r t i c u l a r l y  I>. P. Nazarov 

(U58), r e j e c t  t h e  p o s s i b i l i t y  of s i d e r i t e  developing i n t o  magnetite, and be- 

l i e v e  t h a t  a reverse  process took place during the metamorphism -- t h e  develop- 

ment of s i d e r i t e  from magnetite. 

authors ,  t h e  formation of i r o n  ore minerals i n  various s tages  of oxidation, in- 

In a number of s tudies ,  most ly  by American 

cluding s i d e r i t e ,  magnetite and hematite, i s  explained by t h e  E% and pH f luc -  

t u e t i o n s  during t h e  sedimentation period (Sakamote, 1950; James, 1954). The 

composition and i f i te rac t ion  or’ t hese  minerals was not ma te r i a l ly  charged i n  the 

metarrLorphism that followed. According t o  UI. S. Tochilin (L9&), tne p r h a r y  

9 pika 

/‘ 

Fig. 5.  S t a b i l i t y  ranges of s i d e r i t e  and magnetite as determined 
by l g  Pgen, lg PH2 and temperature. 
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formation of magnetite and hematite i n  ferruginous q u a r t z i t e  was based on t n e  

inf low of i r o n  from t h e  fumarols and other  sources during t h e  unaerwater vol- 

canism. The a s s e r t i o n s  made by Yu. Yu. Yurk and Ye. F. Shnyukov (195d; 196i) 

and a number or' o the r  au tho r s  to t h e  effect that magnetite i s  a prcduct of t h e  

progressive metamorphism of hydroxides are considered by M, S. Tochil in  as 

err one ou s o  

Even th i s  very incomplete review of the  existlng ideas  of the o r i g i n  of 

magnetite, and the  r e l a t i o n s  between magentite and s i d e r i t e ,  shows that many 

important problems related t o  t h e  genesis of the o r e  materials of t h e  Perru- 

ginout; formations s t i l l  remain unsolved. 

A thermodynamic analysis f a c i l i t a t e s  a c r i t i c a l  examination of o s r t a i n  

debatable questions,  p a r t i c u l a r l y  a d e t e r z i n a t i o n  of &.e s t a b i l i t y  range of 

siderite,  magnetite and hematite at temperatures and pressures  e x i s t i n g  during 

the  metamorphi sm. 

The ferruginous q u a r t z i t e s  and shales under oonsiderat ion are classified 

by N. p. SemenerW(1364) as a group uf metamorphic s h a l e s  formed aT; temp- 

e r a t u r e s  up t o  375-40~)~. According t o  F. T u r n e r  and J. Fbrkhugen (i961), 

t h e  temperature i n  the period 02' The formation of metamorphic rock of: t h e  

green shale facies f l u c t u a t e a  f r m  SOU t o  5W0. 

estimates t h e  temperature of the lower boundary at' the r eg iona l  metamorphism, 

on t he  basis of kaolin, a t  450-5W0, and the  bOUIAdary of the  low-temperature 

and medium-temperature metamorphism, on t h e  b a s i s  of' c h l o r i t e ,  a t  600 . T h e  

pressure,  according t o  var ious  authors, could have f luo tua ted  from 1,000 

t o  8,000 atmospheres. 

V. S. Sooolev (196A) 

0 

I n  these oonditions, siaerite is obviousiy imstabie i n  the presence af 

l i q u i d  or  gaseous water, and should mange t o  magnetite by r e l eas ing  carbon 

dioxide ana hydrogen. AboTe 4w0, siderite can maintain a statue ex i s t ence  

only under very high pressures  (aDove 5,UuO atmospheres), o r  a t  i n s i g d t ' i o a n t  

p a r t i a l  water p r e s s w e  (Fig. 5). 

a s s o c i a t i o n  wi th  magnetite or,  less orten, without it, i n  t h e  ferruginous 

Inasmuon a5 s ider i te  oocurs i n  pvragenetio 
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q u a r t z i t e  everywhere i n . t h e  Krivoy Rog region, it should be assumed tht 

either the metamorphism temperature of these rooks was be luw 4UO0 , o r  t h a t  

, t h e  amount of w a t e r  i n  the i n t e r s t i t i a l  sokutions ( f l u i d s )  was very l imi ted .  

I n  t n e  l a t t e r  c u e ,  t ne  buf'fwred s ider i te-magnet i te  assoc ia t ion  coulu e x i s t  

i n  equi l ibr ium with a g a s  mixture character izec by a r e l a t i v e l y  low PH 

high Pcu2 and PEz. 

(assuming a ooxstaEt t o t a l  pressure) t o  a higher pHzo and a change in t h e  

relative mas8 OS' siderite and magnetite. 

and 
L 

The addit ion of water t o  tne metamorphosed rock Would have led 

The quantity of' water required t o  oxidize 

a l l  the s i d e r i t e  i n  t h e  ferruginous q u a r t z i t e  (even assuming that all t h e  

magnetite or' these  rocks had been formed by s i d e r i t e ) ,  is not very l a rge  and 

Purl;. comparable t o  the quant i ty  of water released by the aehydration of t h e  

ferruginous-quartzi te  deposi t ions.  

Thus a q u i t e  s a t i s f a c t o r y  explanati im i s  r'ound for the  assumption that a t  

l e a s t  some magnetite of t he  f erruginous-s i l iceous rock w a s  produced krf t h e  

hydration of t h e  o r ig ina l  sedimentary o r  d iagenet ic  s i d e r i t e  during t h e  

metamorphism. The reverse prbces8, that i s  the developnent of s i d e r i t e  from 

magnetite on a l a rge  s a l e  oould hard>;. have taken plaue i n  t h e  progressive s tage  

of metamorphism, 

t h e  r e a c t i o c s  (a) and ( d * )  r e s u l t  i n  the formation of s i d e r i t e ,  

only a t  law temperatures, belaw 16U-2c)Vo, and high PCO oan 2 

suan phenomena, 

p a r t i c u l a r l y  t h e  genesis of magnetite and even m a r t i t e  ores oesnented by siderite 

were observed a t  Krivoy Rog, the Kursk Magnetic Anomaly and cerza in  other 

a reas ,  but t h e i r  formation i s  assooiated pr imari ly  wi th  the zone of hypergenesis. 

The formation of magnetite from hematite and f e r r i c  hyarates  could 

hardly k v e  taken piaoe during the metamorphism of ferruginous quartz i t e s  

and shalea, wfiion agees  with X. S. Tochi i in t s  comepts  (1953). %ac t ion  ( c )  

may r e s u l t  i n  the  formation of magnetite only a t  extremely low Po 

or a t  temperatures considerably greaser  t han  t h e  permissible nagaisuaa Lor 

magnitudes, 
2 

low-temperature metamorphism. 

oxide sedimentations %hiah do no t  contain any f e r r o u s  i ron,  o r  other reducing 

aha t  is meant here is t h e  metamorp-hism of purely 
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agellts. 

presence of W E t e r .  

f avo r  of  hematite formation, and should no t  f a c i l i t a t e  i t s  change t o  mLgnetite. 

Thus henatite should be considered a s  a s t a b l e  miaeral i n  low-ana m e d i a n -  

temperature metamorphism. But under aatural conditions,  some of t he  hematite 

could nave been reduced by the  hyarogen released i n  t h e  s i d e r i t e  hydrat ion 

process; that i s  why the ferruginous q u a r t z i t e  ana shales produced by t n e  

metamorphism of mixed siderite-magnetite-hematite rocks should oonsi s t  pr imari ly  

of magnetites. 

Suoh low Pi) magnitudes i n  these rocks are hardly possible  in t h e  2 

An inc rease  i n  pressure also d i s t n r b s  t h e  equilibrium i n  . 

It woald a l s o  be i a t e r e s t i n g  t o  make a c r i t i c a l  examination of' M. s. T o c h i l i n t s  

nypotheses (1963) of the possible  oxidation of magnetite t o  m a r t i t e  by water 

i n  the process of metamorphism. 

may be sasn from t n e  pos i t i on  of tne cumes  1, 

( f )  and ( f  ). 

by water vapor . n f r i O h ,  in t h e  opinion of M. S. Tochilin ?assesses considerably 

more energy than l i q u i d  water, amounts t o  only 2 x lo4. 
pressure sfiould not f a o i l i t s  a s t r a igh t  course of this  r eac t ion  but  should 

oiiange t h e  equilibrium toward the  formation of magnetite inasmuch as the  water 

i s  i n  a l i q u i d  phase under s u p e r c r i t i c a l  pressures. 

magnetite t o  mart i te  by water i n  the absence of free oxygen during t h e  meta- 

morphism r e q u i r e s  t h e  maintenance of  a very high P 

t h e  e n t i r e  durat ion of t h e  process. The f u l f i l l m e n t  of t h i s  condi t ion  calls 

for t h e  iaflm of large q u a n t i t i e s  of' "puren ( i n  G. E i g s t e r c s  words) water i n t o  

the metamorphosed rocks,  and t h e  simultaneous e l i m i m t i o n  of t h e  hydrogen 

formation. The required q u a n t i t i e s  of w a t e r  cotlld not be produced by t h e  

dehydration of t h e  ferruginous-sil iceous deposi t ions or t n e  basement rock 

underneath them. 

water i n  geoi3gical condi t ions could not produce a very inportant  e f f e c t ,  

al%hough l o c a l  aanifestations of  t h a t  i r o c e s s  i n  spec ia l  conditions,  as f o r  

T h i s  assumption i s  oSviously erroneous, as 

z f (T)  i n  figure 3 f o r  r e a c t i o n s  K? 
A t  400°, t h e  equilibrium constant  of t h e  oxidat ion of magnetite 

AII increase i n  

The conversion of 

and extremely l o w  p for 
H20 H2 

Thus the hypothetic conversion of magnetite t o  martite by 
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example, i n  t h e  r.ormation of hydrothermal veins i n  ferruginous rocks, cannot 

be ruled out. 
. 

t 
0' 

The above d a t a  j u s t i f y  the  assumptioil that not only t h e  changes i n  P 

as indica ted  e a r l i e r  by G. P. Eigster (19611, bat a l s o  the changes i n  t h e  p a r t i a l  

pressure of water and otner v o l a t i l e  substances a f f e c t  t h e  e q u i l i b r i m  of t h e  

reduction-oxidation react ions.  

r e a c t i o n s  involving water, i s  t h e  strong e f f e c t  produced by the  changing 

temperature on t h e  equilibrium constant, 

t h e  mineral  f a c i e s  in such c a s e s  should t h e r e f o r e  inc lude  not only t h e  tem-  

pera ture  and pressure but a l s o  the v o l a t i l e  components of t h e  p a r t i a l  pressure,  

including w a t e r .  

Charac te r i s t ic  of such react ions,  p a r t i c u l a r l y  

The number of var iab le  determining 

T h i s  can be i l l u s t r a t e d  bj the example of t he  above discussed s i d e r i t e -  

magnetite associat ion.  TAUs associat ion occurs i n  t h e  Krivoy Rog region toge ther  

w i th  ch lo r i t e s ,  c e r i c i t e  and other high-content minerals i n  the  ferruginous q u a r t z i t e s  

and s o h i s t s  whioh may be c lass i f ied ,  according t o  N. P. Semenenkots system 

(1'354), as a group of metamorphio s c h i s t s  of tne s k a t e  stage of t h e  phy l l i t e  

stage,  

determine t h e  low temperature boundary of t he  dynamothermal metamorphism. 

above-cited d a t a  on t h e  s t a b i l i t y  of s i d e r i t e  j i l s t i fy  t h e  assumption t - h a t  

such rocks could have been formed in t h e  presence of exceosive water ( a  fa i r ly  

high PH u) and a t  a temperature up t o  30Uo. 

Such rooks are  aharacterized ty t h e  lowest temperature, and they  

The 

2 

The same sider i te-magnet i te  assoc ia t ion  i n  Krivoy mg and c e r t a i n  magnetic 

anomalies of' t h e  Ukrainian shiela occasionally occur paragenet ical ly  with 

amphiboles of t he  a c t i n o l i t e  o r  cummingtonite type of t r a n s i t i c n  rocks between luw- 

and medium-temperature rocks. The s t a b l e  exis tence of s i d e r i t e  i n  such rocks, 

formed a t  tenperatures  of 500-603O, is poss ib le  only at very low pHzo. 

Comparing the  paragenet ic  associat ions of t h e  s ider i te-containing rocks w i t h  

t he  condi t ions of' their  fornat ion,  it i s  possible  t o  conclude t h a t  i n  t h e  cases 

under considerat ion the  progressive metamorphism, e s p e c i a l l y  i t s  medium-and high- 

18 



temperature stages, apparexxtly ooourred i n  conditions of limited q u a n t i t i e s  of 

water, as  was pointed out earlier by V, A. Nikolayev (1947) and Kh. Yoder 
. 
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